The expression of neuronal nicotinic ACh receptors (nAChRs) and the subunits that compose these receptors by PC12 cells exposed to NGF has been studied. The analysis of total RNA reveals that the neuronal nAChFl subunits a,, a,, &, &, and B,, but not a2 and a,, are expressed in our PC12 cells. Within 48 hr of adding NGF to cultures, the RNA corresponding to at, as, &, and /3* is decreased, but the & RNA increases for up to 8 d after NGF treatment. To determine the influence of NGF treatment on subunit protein expression, subunitspecific antisera were prepared. lmmunocytochemistry detected antigen for 03, a,, &, &, and fi, (but not a2 and aJ in both NGF-treated and nontreated PC12 cells. The expression of nAChR subunit proteins, as measured by direct binding of antibodies to PC1 2 cells, does not change subsequent to 6 d of treatment with NGF. Whole-cell recording of PC12 cells shows that both the individual cell current density and response to the agonist cytisine were not altered after 5-7 d in NGF. However, the number of cells exhibiting detectable ACh-induced currents doubled. These results indicate that NGF increases the number of PC12 cells expressing AChsensitive nAChR currents but the activation is not the result of altering the amounts of individual nAChR subunit proteins. These data, taken together with the decrease in most nAChR subunit RNAs (except &), suggest that NGF regulation of nAChRs may be through a posttranscriptional mechanism.
Neurotransmitter receptors play a central role in regulating the capacity of neurons to communicate, and they have the intriguing ability to be modified commensurate with their use. Our interest is to investigate the mechanisms that regulate the expression of neuronal nicotinic ACh receptors (nAChRs) in the mammalian nervous system. As a model system, we have employed PC 12 cells, a rat pheochromocytoma cell line (Greene and Tischler, 1982) that has been used extensively to study NGF-induced neuronal differentiation and altered nAChR func-tion. PC12 cells have the advantage of not requiring NGF for survival in culture, but upon addition of NGF they extend neurite-like processes and acquire many biochemical and physiological properties that are typical of autonomic neurons. Notably, the addition of NGF to PC12 cells correlates with an increase in the electrical excitability of these cells to ACh (Dichter et al., 1977; Patrick and Stallcup, 1977; Ifune and Steinbath, 1990 ), a process that is mediated through the altered expression or function of nAChRs. The application of methods of molecular cloning has revealed an extended family of neuronal-specific nAChR subunits (Boulter et al., 1986 (Boulter et al., , 1990 Deneris et al., 1988) that are expressed throughout the PNS and CNS (for review, see Deneris et al., 1991) and in PC12 cells (Boulter et al., 1986 (Boulter et al., , 1990 Deneris et al., 1988) . The mammalian neuronal nAChR family consists of at least four a-like subunits, LY* (Wada et al., 1988) , (Ye (Boulter et al., 1986) , LY~ (Goldman et al., l987) , and (Ye (Boulter et al., 1990) , and three p-like subunits, & (Deneris et al., 1988 ) & , and p4 (Duvoisin et al., 1989) . The pairwise expression ofan (Y-and a B-subunit in various combinations in Xenopus oocytes has shown that numerous receptor subtypes are created that can be distinguished by both their pharmacology and single-channel properties (Boulter et al., 1987; Duvoisin et al., 1989; Papke et al., 1989 Papke et al., , 1991 Luetje et al., 1990; Luetje and Patrick, 199 1) . Since the expression of RNA for each subunit in the mammalian CNS has been shown to be unique but overlapping among the respective subunits (Wada et al., 1989) , there exists the potential for substantial complexity in the regulation, structure, and function of neuronal nAChRs.
PC 12 cells have been reported to express RNA for multiple nAChR subunits including (Ye, as, &, and p, (Boulter et al., 1990) . Lindstrom and colleagues (Whiting et al., 1987) have observed that upon addition of NGF to PC12 cells, the surface binding sites for the monoclonal antibody (mAb) 270, which is thought to bind to the & subunit (Whiting et al., 1991) , increased by six-to sevenfold concomitant with a sixfold induction in carbachol-stimulated 86Rb flux. However, the simultaneous measurement of the regulation of nAChR subunit RNA, subunit protein, and receptor function in PC I2 cells subsequent to exposure to NGF has not been reported. In this study, we examine by Northern blot and RNase protection assays the effect NGF has on the expression of the respective nAChR subunit RNAs and the effect of NGF on the expression of nAChR subunit protein as measured using subunit-specific antisera developed for this study, and the functional expression of nAChRs is quantified using electrophysiological techniques. PC12 cell culture. PC12 cells (obtained from I. Verma, Salk Institute) were cultured in Dulbecco's modified Eagle's medium [low glucose formulation, GIBCO/Bethesda Research Labs (BRL)] containing 10% fetal bovine serum (HYCLONE) and 5% heat-inactivated horse serum (HY-CLONE). The heat inactivation of the horse serum was conducted for 1 hr at 56°C. Cells were grown in a humidified 7.5% CO, atmosphere at 37°C. At confluencv. the cells were dislodged from the culture dish by shaking or triturati& with medium from a pipette, and a portion of these cells were replated into new culture dishes. This process selects against flat cells that adhere tightly to the dish and are not responsive to NGF (see Results). Trypsin and EDTA were avoided. For experiments, PC 12 cells that were used in immunocytochemistry and radiolabel binding assays were cultured on gelatin-treated culture surfaces.
Analysis of RNA. RNA was isolated from l-5 x lo6 PC12 cells by the method of Chomczynski and Sacchi (1987) . The transfer of fractionated RNA to Nytran (Schleicher and Schuell) and hybridization of Northern blots were conducted as described by Boulter et al. (1990) except that saline-sodium citrate was substituted for saline-sodium phosphate-EDTA.
Random primed probes were prepared from the fulllength cDNA of each neuronal nAChR subunit using the Amersham random-prime kit. Probes typically had a specific activity of 0.5-l x 1 O9 cpmlpg.
RNase protection assays were performed as described by Krieg and Melton (1987) . Antisense probes were synthesized using SP6 or T7 polymerase from the pGEM or pSP64 vector (Promega) containing subcloned portions of the cDNA encoding each neuronal nAChR subunit. The following regions for each cDNA were used: (Y* [HYP16(9); Wada et al., 19881, nucleotides 1748-l Constructs and bacterial overexpression. Complementary DNA clones encoding subunits of neuronal nicotinic acetylcholine receptor subunits were used for constructs. Portions of the cDNA encoding the amino acids (numbered from the initiation methionine) of subunits 01~ (37 l-5 11; Wada et al., 1988) 01~ (284-470; Boulter et al., 1986) , 01~., (461-594; Goldman et al., 1987), 01~, (345452; Boulter et al., 1990) & (394-503; Deneris et al., 1988a), p, (330-464; Deneris et al., 1989) and p, (328-426; Duvoisin et al., 1989) were removed by restriction digest and subcloned in the appropriate PATH vector (trpE bacterial overproduction system; Dieckmann and Tzagolott, 1985) . The host strain was Escherichia coli strain HB 10 1. Overexpression of fusion proteins was done as described previously (Rogers et al., 1991a,b) .
Gel electrophoresis and immunization. Overproduced proteins were fractionated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and protein bands were visualized by soaking the gel in ice-cold 0.25 M KC1 for 1 hr, and then were cut from the gel (see Rogers et al., 1991a,b) . The gel fragments were macerated, emulsified in complete Freund's adjuvant (GIBCO/BRL), and injected subcutaneouslv into vouna New Zealand White rabbits. Each rabbit received 20&00 pi of irotein. Three weeks later, rabbits were boosted with 200-400 pg of antigen as above except emulsification was in incomnlete Freund's adiuvant (GIBCO/BRL). Serum was collected 12 d later. Subsequent boosts and sera collections were done at 1 month intervals.
ml 5-bromo-4-chloro-3-indolyl phosphate. The reaction was stopped with PBS containing 1 mM EDTA.
ELISA assays were conducted to determine the serum titer and further determine the amount of cross-reactivity between the antisera produced in this study. Overproduced proteins were dissolved in freshly prepared 8 M urea (10 ml per gram of protein) at room temperature for 1 hr. The solution was clarified by centrifugation and the supematant diluted 1: 10 bv the slow addition of a solution of 50 mM KC1 and 50 mM NaCl (pH 10.5). After an additional hour of stirring at room temperature, the solution 'was brought to pH 8 with 1 N HCl and repeatedly dialyzed against 10 mM NaCl in 10 mM sodium phosphate buffer (pH 7.2) at 4°C. The concentration of soluble protein was then measured by standard Biuret assay (Bio-Rad). Immulon microtiter plates were then prepared. Solubilized antigen (5 pdwell) in 100 ~1 of coupling buffer (50 mM Tris, pH 9.5) was added to each well for 14 hr at 4°C. Wells were thoroughly washed with PBS and blocked with blocking PBS (PBS containing 5% heat-inactivated calf serum and 0.05% Tween) for 45 min at room temperature. Rabbit serum at various dilutions (e.g., 1:50, 1: 150, 1:450, etc.) in blocking PBS was then added, and dishes were incubated for 4 hr at room temperature or overnight at 4°C. Plates were washed five times with blocking PBS before adding goat anti-rabbit alkaline phosphatase-coupled second antibody (1:2000) for 45 min at room temperature. Plates were again washed with PBS and developed with p-nitrophenyl phosphate (1 mg/ml) in 50 mM potassium carbonate and 1 mM magnesium chloride (pH 9.8) for approximately 15 min at room temperature. The reaction was stopped with 50 rl/well of 0.3 N NaOH and plates were scanned on a Teritek multiscan ELISA reader at 410 nm.
Antibody testing. Specificity of the antisera was tested using Western blot and ELISA analysis. For Western blot analysis, overproduced proteins were separated by SDS-PAGE and transferred to nitrocellulose filters (Kyhse-Andersen, 1984) . Filters were then blocked in PBS containing 5% Carnation nonfat dry milk (Blotto) for 1 hr at room temperature. To each blot was added rabbit serum (either complete or absorbed with proteins from bacteria containing the PATH 1 vector) in Blotto ( 1:3000). After 14 hr at 4°C. blots were washed in three changes of Blotto.'Goat anti-rabbit alkaline phosphatase-conjugated second antibody was added in Blotto (1: 1000; Cappel) for 2 hr at room temperature. Blots were subsequently rinsed in developing buffer [50 mM sodium carbonate (pH 9.5) 2 mM MgCl,] and then visualized in developing buffer containing 0.1 mg/ml p-nitro blue tetrazolium chloride, 0.05 mg/ Measurement of nAChR subunit protein. The detection of neuronal nAChR subunits was measured by direct binding of antibodies to PC 12 cells. PC 12 cells were distributed to gelatin-coated six-well culture dishes (1 O5 cells/well). PC1 2 cells were washed gently and fixed with freshly prepared 2% paraformaldehyde (Electron Microscopy Sciences) in 0.1 M cacodylate buffer (pH 7.4) for 30 min at room temperature. We found the purity and concentration of paraformaldehyde to be crucial to obtaining reproducible results. Concentrations of less than 1.5% or greater than 2% resulted in diminished immunoreactivity (not shown). The fixative was removed, and the cells were washed gently with PBS, and then permeabilized using blocking PBS (PBS with either 1% heat-inactivated calf serum or normal goat serum; GIBCO) containing 0.3% Triton X-100 (Pharmacia) for 30 min at room temperature. Cells were washed in blocking PBS, and rabbit antiserum diluted in blocking PBS was then added to the cells for 4 hr at room temperature or overnight at 4°C. To minimize background, antisera were first adsorbed against Rat 2 fibroblasts. Rat 2 fibroblasts were grown to confluency in 150 mm culture dishes as described previously (Rogers et al., 199 1 a) , fixed, permeabilized, and placed in blocking PBS as described above for PC1 2 cells. The preimmune or primary antiserum was then diluted to the working concentration in blocking PBS (final volume of approximately 5 ml) and then adsorbed over the monolayer of Rat 2 cells for 4 hr at room temperature. This preparation was then used immediately for direct binding or immunocytochemistry (see below). The cells were washed three times in blocking PBS and then rocked in a fourth change of blocking PBS for 30-60 min at room temperature. Blocking PBS containing radioiodinated secondary antibody was then added to the cells for 1 hr at room temperature. Cells were gently washed in four changes of PBS, the well was removed from the culture dish using a hot wire, and the total remaining radioiodine was quantitated by gamma counting using a Beckman Gamma 300 counter at 30% efficiency.
Radioiodination of goat anti-rabbit second antibody (Cappel) was done by the lactoperoxidase method as described by Harlow and Lane (1988) . Typical specific activities were lo6 cpm/pg, which corresponds to a substitution ratio of approximately 0.5 mol of 12SI/mol of protein.
The specific binding was calculated as the binding of either (r2 (control), (Ye, (Ye, &, or 0, antiserum minus the respective preimmune serum per cell. The value for PC12 cells not treated with NGF was set to 100, and the relative proportion of binding to this value was calculated for PC 12 cells treated with NGF. Measurements were made in duplicate for each experiment.
Immunocytochemistry. PC 12 cells were fixed, permeabilized, and reacted with the designated antisera as described above. The secondary antibody (alkaline phosphatase-conjugated goat anti-rabbit, Cappel) was then added to the cells for 1 hr at room temperature. The cells were washed with three changes of PBS and twice with 50 mM sodium carbonate buffer containing 2 mM magnesium chloride (pH 9.5), and the DNA synthesis by PC12 cells was visualized using immunocytochemistry for the incorporation of 5-bromo-2-deoxyuridine (BUdR). PC 12 cells were grown without NGF and in the presence of NGF for 2-5 d. For the final 24 hr of culture, BUdR (40 PM final) was added, and cells were rinsed with PBS, and fixed with 95% ethanol, 5% acetic acid for 30 min at room temperature. The cells were rinsed with distilled water and the DNA was denatured with 2 N HCl for 30 min. The cells were rinsed with PBS, placed in blocking PBS containing mouse antiBUdR (1: 100; Becton-Dickinson) for 30 mitt, rinsed with PBS, placed in blocking PBS containing goat anti-mouse alkaline phosphatase-conjugated secondary antibody (Cappel), and visualized as described above.
Electrophysiology. Sensitivity of PC12 cells to ACh was measured electrophysiologically using whole-cell patch-clamp techniques (Hamill et al., 198 1) . All recordings were done with a List EPC-7 amplifier at 22-24°C. The recording electrodes typically had resistances of 2-6 MQ, and the current signal balanced to zero. During the experiments, membrane currents and voltages were filtered at 3 kHz, digitized at 44 kHz by a pulse code modulation unit (PCM 701, Sony Corp.), and stored on a Beta videocassette recorder. Round PC12 cells with clear nuclei were selected at random. In pilot experiments, we found that flat cells that adhered tightly to the culture surface were insensitive to ACh, and these were not examined further (not shown). For most PC 12 cells, the membrane potential was held at two potentials, -50 mV and -100 mV, while ACh (ACh iodide, Sigma Chemical Co.) was applied to the cell body, as well as the proximal processes of the NGF-treated cells.
To measure the overall ACh current density of each PC12 cell, we applied the drug by pressure ejection from relatively large-tipped pitreated with NGF, treated for l-4 d with NGF, or treated with NGF for 4 d and then returned to NGF-free culture medium for l-3 d. Twenty micrograms of total RNA for each sample were electrophoresed through 1% agarose gels containing formaldehyde, transferred to Nytran blotting membrane, and then probed with full-length cDNA randomprimed probes for each subunit as described in Materials and Methods. The exposure was for 14 hr at -7O"c, and the locations of the 28s and 18s ribosomal RNA are indicated.
pettes (10-20 am), positioned at an appropriate distance (30-40 pm) from the PC12 cell, so that upon application of light pressure (usually 20-30 kPa) we could perfuse a large area (see Mandelzys et al., 1990) . The cultures were continuously perfused at the rate of 1 mumin with extracellular solution (see below) to ensure that the drug did not accumulate during the experiment. The ACh pipettes were filled with 50 PM ACh dissolved in the extracellular solution. This concentration of ACh was chosen to ensure that we could detect cells with ACh-gated currents but avoid agonist-induced desensitization. The extracellular solution was composed of 140 mM NaCl, 5.4 mM KCl, 2.8 mM C&l,, 0.18 mM MgCl,, 10 mM HEPES, 5.6 mM glucose., 2 mM glutamine, 30 U/ml penicillin, and 30 &ml streptomycin. The intracellular solution consisted of 80 mM KF, 60 mM K-acetate, 5 mM NaCl, 1 mM MgCl,, 10 mM EGTA, and 10 mM HEPES. All solutions were adjusted to pH 7.2-7.4 with NaOH for the extracellular solution and KOH for the intracellular solution. The limit of resolution in this study was determined to be 5-10 pA, which is equivalent to three to five receptors open simultaneously. Since the average cell capacitance is approximately 30 pF, our limit of detection is 0.3 pA/pF. PC12 cells with ACh-gated currents below this value were grouped as insensitive.
To determine the relationship between currents evoked by ACh and those evoked by cytisine (Aldrich Chemical Co.), we constructed doublebarreled pipettes so that the tip of each barrel was fused side by side; each tip was 15-20 pm. One barrel contained 50 PM ACh, and the other barrel contained 50 PM cytisine. All ACh currents are normalized to cell capacitance by integrating the capacity current evoked by a 5 mV hyperpolarizing voltage step from a holding potential of -50 mV. Untreated PC1 2 cells had capacitances that ranged from 13 pF to 18 pF, whereas NGF-treated PC 12 cells had capacitances ranging from 22 pF to 30 pF. The distributions of ACh current densities represent values obtained in response to 50 PM ACh at a holding potential of -50 mV and were plotted on a log scale to cover the wide range of values (from 0.3 pA/pF to 28.1 pA/pF) that exist on different PC 12 cells. The zero column in each distribution reflects the proportion of neurons in which there was no detectable response. We used the Mann-Whitney U test Results NGF alters nAChR subunit RNA expression RNA samples were prepared from PC 12 cells that were exposed to 50 rig/ml of NGF for l-6 d as described in Materials and Methods. At day 4, one group of cells was returned to culture media not supplemented with NGF. Northern blot analysis of 20 Mg of total RNA per lane is shown in Figure 1 . CX, and & RNA decreased within 48 hr of exposure to NGF and decreased only slightly thereafter, but & RNA was observed to increase slowly over the 6 d period. The removal of NGF from the culture media subsequent to 4 d of NGF treatment resulted in the rapid return (within 24 hr) of all and j!& RNA to approximately 80% of the level seen in PC 12 cells never exposed to NGF. RNA for & also returned to pre-NGF treatment levels, but in contrast to aJ and & this return was gradual over the 3 d tested. Northern blot analysis of total RNA detects at least two forms of RNA for each subunit as reported previously (see Boulter et al., 1986 Boulter et al., , 1990 . We found that the various transcript forms were altered similarly in response to NGF (see Fig. 1 ; quantitative data not shown), which suggests that NGF treatment and the regulation of nAChR subunit RNA do not occur through selectively altering the level of one RNA form relative to the other.
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The more sensitive method of RNase protection was applied to measure (Ye and to test for the presence of 1y2, (Ye, and & which are not observed using Northern blot analysis (Boulter et al., 1990 ; not shown). This method offers the additional advantage of allowing the simultaneous analysis of more than one nAChR transcript in an RNA preparation since probes of different lengths can be used. The results of these assays for (Ye, (Y,, a4, and (Ye and for &, /I,, and @., are shown in Figure 2 . As expected from Northern blot analysis, the expression of 1~~ and & decreased rapidly following exposure to NGF and the expression of & increased slowly as seen above. The expression of cx5 decreased approximately 50% in response to NGF treatment. No protected species corresponding to (r2 or LY., was detected in PC1 2 cells. However, a protected species corresponding to & was observed, and the expression of this RNA was decreased subsequent to NGF treatment. These results demonstrate that PC 12 cells express RNA corresponding to the nAChR subunits of (Y,, 01~, &, &, and & but not a2 and LY.,, and that the relative concentrations of these RNAs are altered by the presence NGF in the culture medium.
Antisera to neuronal nAChR subunits
To determine the influence of NGF on the expression of nAChR subunit protein, we prepared rabbit polyclonal antisera against the putative cytoplasmic domains of the subunits a*, (Ye, (Y.,, as, P,, p,, and p4, respectively (see Materials and Methods). As shown in Figure 3 , Western blot analysis of these bacterially overproduced proteins indicates that each antiserum reacts only with the subunit protein to which it was made. Similarly, ELISA analysis showed that cross-reactivity between sera was not significant unless only low dilutions (less than 1:300) were used (data not shown). There remains the possibility that these sera could react with other subunits, although additional studies indicate that this is not the case. First, overlapping portions of each subunit were used for antigen, and there is essentially no sequence identity between these regions ofthe receptor subunits. Second, each antibody has been used to study Rat 2 cells that were transfected with either the subunit combination C& (Rogers et al., 199 1 a) or cu& (not shown). For the cell line expressing (YJ&, immunoprecipitation and immunocytochemistry were successful only with antisera to (Ye or & (Rogers et al., 1991a ; not shown). Third, antisera to LYE or &, respectively, immunoprecipitate high-affinity 3H-nicotine binding sites from the rat brain. Immunoprecipitation is not altered by preclearing the membrane preparations with a3, (Ye, &, or p4 receptor subunit antisera, but it can be inhibited by preclearing with either antisera to (Ye or &, respectively (Flores et al., 1992) . These results taken together with the results in the next section suggest that the antisera used in this study exhibit subunit specificity. Figure 4A for each antiserum. Immunostaining was observed in PC1 2 cells for antisera raised to a3, cr,, &, and p,. No staining was observed with antisera to either (Ye or LY+ Although immunoreactivity toward & is seen, the intensity of this staining varied between experiments. The data in Figure 4A illustrate the point that the treatment of PC1 2 cells with NGF does not obviously change either the number of cells expressing antigen or the amount of antigen present per cell (see below). As is seen in Figure 4B , immunoreactivity toward neuronal nAChR subunits (Ye and & reveals PC12 cell heterogeneity. At least two cell types can be distinguished based upon their relative adherence to the culture surface and their response to NGF. The first group (Fig. 4B) consists of flat cells that attach firmly to the culture dish, they fail to extend neurites in response to NGF, they rarely exhibit immunocytochemical staining, and they do not contain ACh-sensitive currents (see below). The relative abundance of these cells increases with prolonged culture and changes if culture conditions are altered (e.g., reduced serum concentrations or the use of trypsinization for subculture; not shown). In our experiments, these cells represent less than 10% of the total cell population. The second group of cells are rounded and attach loosely to the dish; they extend neurites in response to NGF, they exhibit immunoreactivity toward neuronal nAChR-directed antisera, and they exhibit ACh-sensitive ion channels (Fig. 4B ). Within this group of NGF-responsive PC 12 cells, there is consistently observed a subpopulation of cells that appear to be smaller and oval in shape, and to extend shorter neurites (Fig. 4B) . They often stain less intensely for nAChR subunits than do PC12 cells that extend extensive net&es. These cell types are also observed in Figure 4A .
Immunocytochemistry reveals PC12 cell heterogeneity Immunocytochemical analysis of PC12 cells not treated with NGF or treated for 5 d is shown in
Antigen appears to concentrate in the cell body (Fig. 4B ).
Although staining of neurite-like processes is observed occasionally, the majority remain unstained except for a punctate staining that is observed on some well-developed processes. At present, we are uncertain if this punctate staining reflects clustering of the receptors. PC12 cells treated with NGF generally cease cell division (Greene and Tischler, 1982; Rudkin et al., 1989) , although DNA synthesis and cell division may persist within some cells of the population (Rudkin et al., 1989) . To determine if PC12 cells that express nAChRs and respond to NGF by altering their morphology also stop cell division, DNA synthesis in PC 12 cells that were exposed to NGF for varying periods was measured. PC12 cells were distributed to culture dishes and cultured for 24 hr before adding 50 rig/ml of NGF for 2, 3, 4, and 5 d, respectively. For the final 24 hr of culture, the cells were grown in the presence of 40 PM BUdR (see Materials and Methods) and the nuclei of cells undergoing DNA syntheses were visualized using an antibody to BUdR as described in Materials and Methods. As shown in Figure 5 for PC12 cells cultured without NGF or in the presence of NGF for 2 or 5 d, the nuclei of cells that responded to NGF by extending processes failed to stain for BUdR immunoreactivity.
In contrast, the nuclei of PC12 cells that did not extend processes in the presence of NGF stained for BUdR immunoreactivity.
This result supports the conclusion that cells in our PC 12 cell population that fail to respond to NGF and fail to exhibit staining with nAChR subunit antisera correspond to those that also continue DNA synthesis (see Discussion).
NGF does not alter neuronal nAChR subunit protein expression
Immunocytochemistry reveals reactivity toward nAChR subunits CY,, (Ye, &, and 0, in both NGF-treated and untreated PC 12 cells. Since there is a dramatic change in the relative mRNA levels of these subunits in response to NGF, we determined if corresponding changes in the protein concentrations of these subunits could be detected through measuring the direct binding of antibody to fixed and permeabilized PC 12 cells (see Materials and Methods). In three experiments, when binding was calculated by subtracting (Y* immune binding and the results presented as a ratio to PC 12 cells not treated with NGF, no change between the ratio of radioactivity bound by PC 12 cells for up to 6 d was detected (Table 1) . Similar results were obtained,when the binding by preimmune serum was substituted for the binding to antisera to (Ye (not shown). The amount of binding or antibody to PC12 cells that were not permeabilized with Triton X-100 did not exceed 20% of the total counts (not shown). This binding probably reflects specific binding to the cytoplasmic domain of nAChR subunits since the immunoreactivity toward tubulin could be visualized in some PC12 cells fixed with 2% but not 4% paraformaldehyde (not shown). This result suggests that some membrane permeabilization occurs at the relatively low fixative concentration of 2% required to preserve immunoreactivity toward the nAChR subunits.
The sensitivity of this assay was determined using the (Ye subunit. Crude PC 12 membranes were prepared (see Rogers et al., 1991a,b) , adsorbed against prediluted immune serum (in blocking PBS) overnight at 4°C removed by centrifugation, and the supematant was used for binding assays by radioiodinated antibody to fixed and permeabilized PC 12 cells as described in Materials and Methods. Membranes prepared from Rat 2 cultured fibroblasts were used to control adsorption to membranes not containing nAChRs, and a2 immune serum was used to measure background binding (not shown). These assays indi- . Specificity of antisera raised to neuronal nAChR subunit fusion proteins. At the upper left is shown a Coomassie-stained gel of insoluble protein from E. cofi strain HBlOl containing either the parent PATH 1 plasmid (trpE) or a fusion construct containing a portion of the cDNA encoding the putative cytoplasmic portion of each nAChR subunit (see Materials and Methods) . The upper right panel shows a Western blot of an identical gel visualized using alkaline phosphatase staining after incubation with rabbit anti-a, immune serum diluted 1:3000. In the remaining Western blots, immunoreactivity toward trpE and other bacterial proteins was removed from each immune serum. Immunoreactivity to one bacterial protein was not removed in the & antiserum (arrow). Lower molecular weight bands are degradation products of the fusion protein and vary between protein preparations. Prestained molecular weight markers (Bio-Rad), which do not migrate true to their indicated molecular weight in our system, are indicated for the relative comparison of gels.
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ACh-activated currents are not altered by NGF treatment The above measurements indicate that the relative nAChR subunit protein concentration is not altered in response to NGF treatment despite significant changes in the respective subunit RNA levels. Nevertheless, it is well documented that NGF treatment of PC 12 cells increases ACh-activated currents. To ensure this was true of our PC1 2 cells and to study further the influence of NGF on expression of functional nAChRs, we used wholecell patch-clamp techniques to compare the current densities and agonist sensitivities of nAChRs on untreated and NGFtreated PC12 cells. As noted in Materials and Methods, PC12 cells with a flat morphology were found to contain no detectable ACh-activated currents, consistent with immunocytochemical results, and they were not included in the following analysis. Figure 6 shows the ACh current density distribution for 66 PC 12 cells that were not treated with NGF. Thirty percent of the cells show ACh sensitivity, and their current densities range from 0.6 pA/pF to 28.9 pA/pF with a mean of 4.4 f 1.0. Figure 6 also shows the current distribution for 72 PC12 cells treated with NGF for 5-7 d. After treatment with NGF, approximately 60% of the cells respond to ACh and their current densities range from 0.3 pA/pF to 28.1 pA/pF with a mean of 2.9 + 0.6. These results demonstrate that exposure to NGF results in a twofold increase in the proportion (from 30% to 58%) of PC12 cells expressing functional nAChRs, but there is little effect on the current density of nAChRs on individual cells. Recently, Luetje and Patrick (1991) observed that a,/& receptors expressed in Xenopus oocytes were loo-fold less sensitive to the agonist cytisine relative to ACh. In contrast, cytisine was two-to threefold more potent than ACh on the LY,/& functional receptor. This observation suggests that cytisine may be used to infer the presence of & or & in functional receptors. An example of a typical response from an ACh-sensitive PC 12 cell is shown in Figure 7 for ACh and cytisine, respectively. The application of agonist causes a rapid inward current that peaks in 100-200 msec after the drug is applied, and the response shows a small degree of desensitization that occurs with a relatively slow time course. We found that cytisine produced a 2.4 * 0.3-fold increase in the evoked current from PC12 cells not exposed to NGF relative to ACh at equal concentrations (see Fig. 7 ). This result suggests that functional nAChRs on PC12 cells contain the p4 subunit or that it dominates this pharmacology. Similarly, the cytisine:ACh ratio of receptors on PC12 cells treated with NGF is 2.6, which indicates that treatment with NGF does not alter the relative receptor sensitivity to the two agonists.
Discussion
In this study, we have analyzed the effect of NGF on the expression of neuronal nAChR subunit RNA, subunit protein, and receptor function. We observed a rapid change in the amount of each nAChR subunit RNA expressed by PC 12 cells subsequent to NGF exposure. RNA for & increased slowly over the 6 d NGF treatment period, but RNA for (Ye, +, /Is, and p4 decreased. This decrease appears to follow three courses: the rapid loss of approximately 75% of the RNA followed by a slow but continuous loss over the next 5 d of NGF exposure as observed for &,, a relatively rapid drop of approximately 50% followed by a period of essentially no change in the RNA level as observed for the (Ye and ,f3, subunits, and finally the loss of approximately 75% of the original RNA level over 3 d of NGF followed by a subsequent period of slow loss as observed for a3. These observations suggest that the RNA for each subunit is regulated independently subsequent to NGF exposure, but it is not known if this regulation is transcriptional or posttranscriptional. These differences are also of interest since the genes encoding the nAChR subunits (Y,, (Ye, and p, that are tightly linked (Boulter et al., 1990) .
Immunocytochemical staining of PC1 2 cells was observed for CQ, (Ye, &, p, , and p4 , but the intensity of staining was particularly strong for (1~~ and &. Whether this staining reflects the amount of antigen present or if it is the result of the particular antiserum remains to be determined. Nevertheless, this suggests that the nAChR of PC 12 cells could be composed of multiple subunits, and the potential for substantial complexity exists. Further, recent reports of additional nAChR subunits have been made. These subunits include the preliminary reports of (Ye (Lamar et al., 1990) and the discovery of the a-bungarotoxin binding subunits (Y, and (Y* from chick (Couturier et al., 1990; Schoepfer et al., 1990) . At present, only the chick cY,-subunit has been reported to have function when introduced into Xenopus oocytes and this receptor is blocked by cY-bungarotoxin (Couturier et al., 1990) . PC1 2 cells also express an a-bungarotoxin binding subunit (Patrick and Stallcup, 1977) , but the relationship of this subunit to the toxin-binding protein of PC 12 remains unclear since cu-bungarotoxin does not block ACh or nicotine-elicited current in these cells (Patrick and Stallcup, 1977; Rogers et al., 1991a) . We have observed RNA for the rat homolog of (Y, in our PC12 cells, and the RNA amount is decreased for these species when NGF is added to the culture (D. Johnson, J. Boulter, and S. Rogers, unpublished observation) .
In this study, immunocytochemistry and electrophysiology revealed that nAChR expression in PC 12 cells was limited to those cells that responded to NGF by ceasing DNA synthesis and altering their morphology, particularly by extending neurite- Despite substantial changes in the expression of nAChR subunit RNA, we did not detect corresponding changes in subunit protein, ACh current density, or sensitivity to cytisine. As presented in the results, a threefold change in antigen concentration for these subunits subsequent to NGF treatment should reflect the rate of subunit synthesis and degradation. If the synthetic like processes. One consequence of continued cell division by rate remains constant and the degradation rate for the PC12 this relatively small subpopulation of cells that do not express receptor is similar to the 20 hr half-life reported for either the nAChRs could be to dilute the relative RNA levels subsequent nAChRs in muscle prior to innervation (Stanley and Drachman, to NGF treatment. This does not seem to be the case, however, 1983), in cultured muscle cells , or in ciliary since & RNA increases in the same RNA samples where & and ganglia (Jacob et al., 1986) then as little as 5% of the original p4 decrease independently of each other (see Fig. 2 ). In addition, receptors at day 0 could be left after 6 d of NGF treatment. We cell division continues in this subpopulation of PC12 cells found that the whole-cell currents and agonist sensitivity of throughout the RNA analysis period, yet almost the entire denAChRs on NGF-treated PC12 cells are the same as on noncrease of aj and & RNA occurs within 48 hr of initiating NGF treated cells (i.e., & containing; see Results). However, since the treatment, and then slows substantially thereafter. Finally, upon RNA for most subunits decreases rapidly after NGF exposure, removal of NGF, the expression of nAChR subunit RNA rapto account for this result either subunit protein synthesis inidly returns to approximately 80% of the pre-NGF treatment creases, the protein is (or becomes) more stable than assumed, value.
or preexisting receptors become active. Since our antisera are directed to the nAChR subunit cytoplasmic domain and the entire subunit protein pool is measured, our results cannot directly address which of the above possibilities is most likely. However, Lindstrom and colleagues (Whiting et al., 1987) have reported that a 3 d exposure to NGF induces a sixfold induction of both 86Rb flux and binding mAb 270, a monoclonal antibody that binds the & subunit (Whiting et al., 1990) on nonpermeabilized PC12 cells. In our study, we found that NGF treatment increased the proportion of PC1 2 cells that had ACh currents from 30% to 60%, and the average current was two-to threefold greater than on untreated cells (although when corrected for cell capacitance, the ACh current density was less). Taken together, these results suggest a fourto sixfold increase in functional nAChRs after NGF treatment. Our observation that nAChR protein does not detectably change after NGF treatment suggests that the increase in functional receptors on the surface of PC 12 cells could result from a redistribution of an internal receptor pool. Internal pools of nAChRs have been reported for both muscle nAChRs (e.g., and nAChRs in chick ciliary neurons (Jacob et al., 1986) . Swanson et al. (1987) and Keyser et al. (1988) have also observed substantial immunoreactivity toward neuronal nAChRs in the soma of neurons from both the CNS and retina, respectively, which is consistent with our observations of the pattern of immunoreactivity in PC12 cells. In any case, since the macroscopic currents and agonist sensitivity were the same before and after NGF treatment, the composition of the newly inserted or possibly activated receptors may be similar to those that are constitutively expressed by non-NGF-treated PC 12 cells. Ifune and Steinbach (1990) observed a five-to sevenfold increase in the median ACh current density of their PC 12 cells subsequent to NGF treatment. Although this is not consistent with our results, the heterogeneity among PC12 cells seems to be a likely explanation (see Greene, et al., 199 1 of expression by PC 12 cells has been reported elsewhere (Lukas, 1987; Greene, et al., 199 1) . We have observed that our PC12 cells will lose their ability to express nAChRs upon prolonged culture, particularly if serum is altered or trypsin-EDTA is used during cell subculture (not shown). Further, it is likely that our PC 12 cells vary from those distributed by Greene (Greene and Tischler, 1982; Greene et al., 199 l) , since our cell division time is around 17 hr whereas the original PC12 cells divided approximately every 3 d. Nevertheless, our PC12 cell line is advantageous for these studies since they grow rapidly, they respond robustly to NGF, and the nAChR phenotype is very stable if great care is taken to ensure standardized culture conditions.
